Abstract
Introduction
In recent years, the number of diabetic patients was increasing explosively worldwide. In Japan, the number of people that are strongly suspected to have diabetes reached 9.5 million in 2012 [1] . Although it has been believed that insulin resistance and decreased insulin secretion are both important in the pathogenesis, diabetes is often accompanied by dyslipidemia, i.e., an elevated level of serum low density lipoprotein cholesterol (LDLC) and triglycerides (TG), and a decreased level of high density lipoprotein cholesterol (HDLC), suggesting that dyslipidemia may play an additional role in the pathogenesis of diabetes.
In fact, in experiments using in vivo and in vitro models, an elevated level of extracellular cholesterol leads to an increase in the intracellular cholesterol level [2] , and this increase resulted in functional disturbance of pancreatic beta cells [3, 4] . Further, reduction of the intracellular cholesterol level by the administration of statins, an HMG-CoA reductase inhibitor, ameliorated the insulin secretory capacity in pancreatic beta cells [2] . In addition, a clinical report indicated that glucose tolerance progressively deteriorated in patients whose intracellular cholesterol level was genetically high [5] . According to these observations, it is speculated that the serum cholesterol level may affect insulin secretion and glucose metabolism through elevation of the intracellular cholesterol level of pancreatic beta cells.
In clinical settings, however, it is controversial whether statins prevent the development of diabetes; one study showed that lowering the serum cholesterol level with statins prevented the development of diabetes [6] , whereas another study reported that the prevalence of diabetes was rather high in subjects with statin treatment when compared to those without the treatment [7] . To date, there are limited number of reports that examined whether serum lipid affected the insulin secretion and the glucose metabolism in humans [8] [9] [10] . Thus, the aim of this study was to obtain epidemiological evidence supporting the hypothesis that the elevation of the serum level of total cholesterol (TC) impaired the pancreatic beta cell function, namely insulin secretory capacity, in a general population.
Materials and Methods Subjects
This is a cross-sectional study to examine effects of the serum level of TC on insulin secretion and insulin resistance in a general Japanese population. This study was a part of the cohort study conducted by the Center for the Community-based Health research and Education (CoHRE), Shimane University, which is performed in collaboration with counties located in rural areas of Shimane Prefecture, Japan. The Shimane CoHRE study has started at 2006, and this study was conducted using data from the baseline cohort, which is different data set from our previous reports with independent aims [11, 12] .
In health examinations performed between 2006 and 2010, all individuals without severe diseases such as advanced cancer were invited to the study. Most of participants in the health examinations were over 50 years of age due to advanced aging in the area. A total of 3,306 subjects were assigned to this study. Data were collected after written informed consent was obtained from each participant.
Data collection
Disease histories, medication and information about lifestyle such as smoking, alcohol consumption and regular exercise were obtained by a questionnaire. Smokers were defined as subjects currently smoking daily. Similarly, habitual drinkers were defined as those drinking alcohol regularly excluding those drinking alcohol by chance. As for a habit of regular exercise, subjects self-reporting to have daily exercise were categorized as the 'regular exercise' group.
According to the information obtained, we excluded subjects who took medicine for dyslipidemia, diabetes and thyroid diseases, and subjects with HbA1c!6.5% or with fasting plasma glucose (FPG) !126 mg/dL. Consequently, 2,499 subjects (1,057 men and 1,442 women) were included in the following analyses.
Anthropometric data were obtained in the health examinations and blood pressure was measured twice in a sitting position after 15 min of rest at the site of the examination. The lower of the two measures were taken as a representative blood pressure. Serum samples were taken after one night fasting, separated within 30 min and biochemical measurements of TC, TG, HDLC, LDLC, FPG and fasting plasma insulin (equal to fasting immunoreactive insulin, FIRI) were performed by standard methods. HbA1c was determined by HPLC. The coefficients of variation of all measurements were less than 7%.
As an indicator of insulin secretory capacity and of insulin resistance, we used the homeostasis model assessment of beta cell function (HOMA-beta) and the homeostasis model assessment for insulin resistance (HOMA-IR), respectively. HOMA-beta and HOMA-IR were calculated by the following equations; HOMA-beta=[360 × FIRI(μU / mL)]/[FPG(mg/dL)−63] and HOMA-IR =[FPG(mg/dL) × FIRI(μU/mL)]/405 [13] . HbA1c was represented according to the National glycohemoglobin standardization program value (NGSP value) [14] .
Statistics
In a multiple linear regression analysis, parameters correlated with the target variables (i.e., HOMA-beta or HOMA-IR) at r!0.1 in a simple regression analysis were included as potential independent factors. To avoid co-linearity, one of two variables having a substantial correlation (r!0.5) with each other was excluded from the analysis.
All data were expressed as mean±SD. All variables that did not follow a normal distribution (TG, FIRI, HOMA-beta and HOMA-IR) were analyzed after logarithmic transformation. All data were analyzed with statistical software R3.0.3 (2014.03.06), and the statistical significance was defined as p<0.05.
Results
Demographic data of the studied population Table 1 summarizes demographic data of the studied population. HOMA-IR and HOMA-beta did not differ significantly between men and women, while several parameters relevant to diabetes (i.e., BMI, FPG and HbA1c) and to the lipid metabolism were different between the sexes. The proportion of current smokers, habitual drinkers, and subjects doing regular exercise was significantly higher in men than in women.
Univariate analysis between TC and glucose metabolism
In Table 2 , correlations of the TC level with the parameters relating to diabetes were examined by a univariate analysis. TC had significantly positive correlations with HbA1c and BMI both in men and women (Table 2 ). In addition, TC was positively correlated both with HOMA-beta and HOMAR-IR not in women but in men.
LDLC and non-HDLC were also positively correlated with HOMA-beta and HOMAR-IR (see Tables A and B in S3 File) . TC, LDLC, non-HDLC and TG were positively correlated with FIRI and FPG (see Table C in S3 File).
Multivariate analysis on the effect of TC on HOMA-beta, and HOMA-IR A multiple linear regression analysis indicated that the serum TC level was inversely associated with HOMA-beta (Table 3 ). This association was significant even when analyzed in men or in women separately. Since the contribution of BMI on HOMA-beta was considerably high (see standardized beta in Table 3 ), multivariate analysis was performed after the participants were stratified by BMI into three groups with an equal number of subjects (BMI≦21; n = 831, 21<BMI≦23.5; n = 841, and BMI>23.5; n = 827, respectively) ( Table 4 ). The effect of TC on HOMA-beta increased along with the increase in BMI, and, in the highest tertile (BMI>23.5), it was highly significant (beta = -0.002±0.001, p = 0.007). In contrast, the effect of TC on HOMA-IR was not significant (Table 5) . Logistic regression analysis on impaired capacity of insulin secretion
We defined impaired capacity of insulin secretion as HOMA-beta 30% according to the recent report [15] , and performed a multiple logistic regression analysis to examine effects of various parameters on deficient insulin secretory activity. As shown in Table 6 , TC was a significant independent factor together with other parameters such as age, male sex, BMI, TG and habitual alcohol intake. When this analysis was performed in men and in women separately, the significant effect of TC was found only in men. In women, the similar tendency was observed, which however did not reach a significant level.
Discussion
In the present cross-sectional study, we found that the serum TC level was inversely associated with HOMA-beta independently of age, BMI and TG in a multiple linear regression analysis. This finding was further supported by the result of a multiple logistic regression analysis indicating that a high concentration of the serum TC was an independent risk factor of the impaired insulin secretion. The effect was likely to be more potent in men than in women. The cholesterol metabolism is known to have a substantial impact on the insulin secretory capacity; in mice deficient in the gene encoding the ATP-binding cassette transporter A1 (ABCA1), an outward transporter of cholesterol on the cell membrane, cholesterol accumulated in pancreatic beta cells impaired the insulin secretion [2] [3] [4] . Further, it was reported that a loss-of-function mutation in ABCA1 reduced insulin secretory capacity without affecting insulin resistance in humans [5] . Concerning the mechanism, it was suggested that apoptotic loss of pancreatic beta cells induced by the accumulation of intracellular cholesterol resulted in reduced insulin secretory capacity [16, 17] . Since the serum cholesterol level was shown to correlate with the intracellular cholesterol level [2] , an elevated serum TC level may reduce insulin secretion through elevation of the cholesterol level in the beta cells.
A couple of controversial epidemiological studies were so far reported on the association of the serum cholesterol level with functional abnormality of pancreatic beta cells as well as with abnormality in the glucose metabolism per se [8-10, 18, 19] ; a significant correlation between LDLC and HbA1c was shown in patients with type 2 diabetes [9] and metabolic syndrome [10, 18] . By contrast, no significant correlation was found between the insulin secretory capacity and LDLC in patients with coronary artery diseases [19] . A recent study showed that TC or LDLC was inversely associated with the insulin secretory capacity in over 2,000 subjects with normal glucose tolerance [8] , which was consistent with our results. In this study, however, insulin resistance seemed to be less involved in the inverse association between serum TC level and insulin secretion presumably because subjects were much younger (mean age: 43) than those in our study. We found the similar association even in aged population (mean age: 66) after adjustment with the confounding factors such as BMI and TG, suggesting that the inverse association of serum TC level with the capacity of insulin secretion would be a universal phenomenon. Interestingly, in the present study, HOMA-beta was positively correlated with BMI and TG ( Table 3) . As both BMI and TG are considered to be major determinants of insulin resistance [indeed, our study indicated that these parameters showed a significant positive correlation with HOMA-IR (see Table 5 )], this observation was rather unexpected. As we excluded diabetic subjects from the studied population, the participants were expected to have reserved ability of insulin secretion. Accordingly, increase in the insulin resistance due to increase in BMI or TG might be compensated by additional insulin secretion without elevation of the blood glucose level. HOMA-beta might be apparently correlated with BMI and TG through such a compensatory mechanism [20] .
When all participants were divided into tertile by BMI, the correlation of TC with HOMAbeta was potentiated with increase of BMI (Table 4 ). This observation suggests that, to prevent diabetes, reduction of TC is more necessary in subjects with obesity [9] . Although we used TC in our analysis, the similar trend was observed when the analysis was performed with LDLC or non-HDLC instead of TC (Tables D and E in S3 File) .
Although we made analysis in 2,499 healthy subjects excluded by the exclusion criteria (see Methods), such exclusion might alter statistical results. Thus, we excluded 642 subjects whose important data were lacking from 3,306 subjects to conduct the same statistics in 2,664 subjects including diabetes. Serum TC level was positively associated with HOMA-beta in all subjects (r = 0.042, p = 0.03) in a simple regression analysis, whereas an inverse association was observed in a multiple linear regression analysis (Table F in S3 File). A multiple logistic regression analysis showed that higher TC was an independent risk factor for decreased insulin secretory capacity (HOMA-beta 30%) (Table G in S3 File), which was consistent with results after the exclusion of diabetic subjects (Table 6 ). These findings suggest that the results from this study may be adapted for aged general population, although medical treatment and disease status affect insulin secretion and the sensitivity.
Finally, this study has some limitations; as the effect of TC on HOMA-beta was examined under the cross-sectional study design, one cannot refer to the causal relation between TC and HOMA-beta. Although several in vitro studies suggested the regulatory role of the intracellular cholesterol level on the insulin secretion by pancreatic beta cells (see Introduction), it is necessary to perform a prospective study to clarify the causality. Another limitation of the study is that HOMA-beta was employed as an indicator of insulin secretory capacity. Under an epidemiological setting of the study, however, it is practically impossible to use the hyperinsulinemiceuglycemic clamp method, which is the most reliable method to estimate the insulin secretory activity. Based on the results of the present and other epidemiological studies, it may be worthy to perform a more strict clinical study using the hyperinsulinemic-euglycemic clamp.
In conclusion, in a cross-sectional study on aged healthy subjects, elevation of serum TC level was correlated with the decrease of insulin secretory capacity, and this correlation was independent of age, BMI, TG, and alcohol. Since the reduced insulin secretory capacity is a risk of the onset of diabetes in Asian [21] , reduction of serum TC is expected to ameliorate a risk of diabetes. It warrants further investigation. Table A 
Supporting Information

